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Objective: Hypoxia/reoxygenation (H/R) is an important feature in the osteoarthritis (OA) physiopa-
thology. Nitric oxide ðNOÞ is a signiﬁcant proinﬂammatory mediator in the inﬂamed synovium. The
purpose of this study was to investigate the effects of H/R on inducible NO synthase (iNOS) activity and
expression in OA synoviocytes. In addition we studied the relationship between nitrosative stress and
NADPH oxidase (NOX) in such conditions.
Methods: Human cultured synoviocytes from OA patients were treated for 24 h with interleukin 1-b
(IL-1b), tumour necrosis factor a (TNF-a) or neither; for the last 6 h, they were submitted to either
normoxia or three periods of 1-h of hypoxia followed by 1-h of reoxygenation.

NO metabolism (iNOS
expression, nitrite and peroxynitrite measurements) was investigated. Furthermore, superoxide anion
O2
 production, NOX subunit expression and nitrosylation were also assessed.
Results: iNOS expression and nitrite (but not peroxynitrite) production were signiﬁcantly increased under
H/R conditions when compared with to normoxia (P < 0.05). H/R conditions decreased O2
 production
from w0.20 to w0.12 nmol min1 mg proteins1 (P < 0.05), while NOXs’ subunit expression and
p47-phox phosphorylation were increased. NOXs and p47-phoxwere dramatically nitrosylated under H/R
conditions (P < 0.05 vs normoxia). Using NOS inhibitors under H/R conditions, p47-phox nitrosylation
was prevented and O2
 production was restored at normoxic levels (0.21 nmol min1 mg of proteins1).
Conclusions: Our results provide evidence for an up-regulation of iNOS activity in OA synoviocytes under
H/R conditions, associated to a down-regulation of NOX activity through nitrosylation. These ﬁndings
highlight the importance of radical production to OA pathogenesis, and appraise the metabolic modi-
ﬁcations of synovial cells under hypoxia.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Inﬂammation of the synovium is considered to be associated at
an early stage with the pathogenesis of osteoarthritis (OA)1,2.to: C. Chenevier-Gobeaux,
Broca-Hôtel Dieu, Assistance
ubourg Saint-Jacques, 75679
3-1-58-41-15-85.
henevier-Gobeaux).
s Research Society International. PSeveral lines of evidence support the involvement of synoviocytes
in OA cartilage degradation3. Hypoxia is recognized as an important
event in the perpetuation of joint destruction in OA4. With mobi-
lization, OA joints may be exposed to hypoxia/reoxygenation (H/R)
events5. At the start of a movement, the capillaries ﬂatten as
intracellular pressure rises, decreasing the blood ﬂow and limiting
O2 delivery to the joint. When the synovium is reperfused with
blood at rest, the oxygen pressure rises above baseline levels for a
short period of time after exercise5. Throughout this alternating
process, synoviocytes may be subjected to different degrees of
oxygenation within the inﬂamed synovium.ublished by Elsevier Ltd. All rights reserved.
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key factors in the pathogenesis of OA. They have been shown to
induce the expression of inducible NO synthase (iNOS) in OA syn-
oviocytes, resulting in an increase in nitric oxide ðNOÞ produc-
tion6,7. Nitrosative and oxidative stress levels have also been found
to be elevated in synovium and the synovial ﬂuid of OA joints8e11.
Moreover, nitrotyrosine residues and S-nitrosylated proteins have
been described in OA12,13. In addition, increased levels of lipid
peroxidation have been observed in OA synoviocytes14. Further-
more, we previously demonstrated the production of O2
 by OA
synoviocytes15. However, this nicotinamide adenine dinucleotide
phosphate oxidase (NADPH oxidase or NOX)-dependent produc-
tion (which is associated with the expression of NOX2 and NOX4
and phosphorylation of the cytosolic activating subunit p47-phox)
is not signiﬁcantly increased by IL1-b and TNF-a15. Finally,

NO can
react with O2 to form peroxynitrite (ONOO
) which is a harmful
oxidant whose levels are increased in OA16.
However, cell culture conditions using atmospheric air expose
synovial cells to higher levels of O2 pressure than those observed
under physiopathological circumstances. As a consequence, the
biochemical changes associated with variations in O2 delivery are
still poorly understood5,17. O2 levels may modulate the response of
synoviocytes to the cytokines implicated in joint diseases. To our
knowledge, the consequences of H/R on reactive oxygen species
(ROS) metabolism in a context of OA have been little studied.
We therefore investigated the effects of H/R, vs atmospheric air,
on iNOS and NOX expression and activity in human OA synovio-
cytes. The cells were also treated (or not) with IL1-b or TNF-a in
order to determine whether the O2 pressure level could modify the
response of OA synoviocytes to these cytokines.
Materials and methods
Materials
Dulbecco’s Modiﬁed Eagle’s Medium (DMEM, 10X), phosphate-
buffered saline (PBS), trypsin-buffered solution (0.25%) and Hepes
(1M) solutionwere obtained fromEurobio (LesUlis, France). Thebase
medium contained DMEMwith 2mM L-glutamine (Eurobio, Les Ulis,
France),100U/mLpenicillin,100mg/mL streptomycin, and0.25mg/mL
amphotericin B (SigmaeAldrich, St Louis, USA). The complete
medium contained base medium plus 10% foetal calf serum (Bio-
Whittaker, Walkersville, USA). The cell lysis reagent (CelLytic-M)
wasobtained fromSigmaeAldrich (St Louis,USA).Mousemonoclonal
antibodies (anti-NOS2, anti-p47-phox agarose conjugate) and pri-
mary polyclonal antibodies (anti-p47-phox, anti-NOX2, anti-NOX4,
anti-NOX2 and anti-NOX4 agarose conjugates) came fromSanta Cruz
Biotechnology (Santa Cruz, USA); mouse monoclonal anti-
phosphoserine and rabbit polyclonal anti-S-nitrosocysteine were
obtained from Calbiochem (Merck Biosciences, Darmstadt,
Germany). Mouse monoclonal peroxidase-conjugated anti-b-actin
was obtained from SigmaeAldrich (St Louis, USA). Secondary
peroxidase-conjugated antibodies were obtained from Amersham
Biosciences (Buckinghamshire, UK). The sample buffer contained
6.102 M Tris/HCl, pH 6.8, 20% glycerol (v/v), 4% sodium dodecyl
sulphate (SDS) (v/v) and 2% 2-mercaptoethanol (v/v) (BioRad,
Ivry-sur-Seine, France). All materials for protein quantiﬁcation, SDS-
PAGE and electroblotting were purchased from BioRad (Ivry-sur-
Seine, France). The chemiluminescence detection system (ECL plus
Western blotting detection system) and high performance ﬁlms
(Hyperﬁlm ECL) were obtained from Amersham Biosciences
(Buckinghamshire, UK). Dihydrorhodamine 123 (DHR) was pur-
chased from Cayman Chemical (Ann Arbor, USA). Recombinant hu-
man cytokines (IL-1b and TNF-a), protease inhibitor cocktail
(containing aprotinin, bestatin, leupeptin, E-64, and pepstatin A),type Ia collagenase from Clostridium histolyticum, and all other
chemicals were purchased from SigmaeAldrich (St Louis, USA).
Synovial cell isolation and culture
Synoviocytes from ﬁve patients with OA according to the
American College of Rheumatology criteria (four women and one
man; mean age, 74  6 years) were isolated from synovium ob-
tained during surgery or joint replacement18. All patients gave their
informed consent. After dissection, the superﬁcial layer of the
synovium was digested in trypsin solution and 5 mg/mL collage-
nase, and the cells were cultured as previously described15. When
reaching conﬂuence the cells were treated with trypsin and
cultured in 25 cm2 ﬂasks or in 24-well plates (1.105 cells per well),
at 37C under a 5% CO2 atmosphere. All experiments were per-
formed on subconﬂuent cultures at second to fourth passage.
H/R conditions
The AnaeroGen Compact system (Oxoid; Basingstoke, Hamp-
shire, UK) uses a paper gas-generating sachet that can reduce the
oxygen content in a plastic pouch to below 1% within 30 min19. Cell
ﬂasks or plates were placed in the pouch in the presence of a sachet
for 1 h at 37C (hypoxia, H), before being replaced at 37C in a 5%
CO2 atmosphere for 1 h (reoxygenation, R); this alternating impo-
sition of H/R was repeated twice. To achieve normoxic conditions,
paired cell ﬂasks or plates (i.e., cells form the same patient) were
placed at 37C under a 5% CO2 atmosphere for 6 h. The oxygen
partial pressure (pO2) of the cell culture supernatant at the end of
the hypoxic hour was measured using a blood gas analyzer
(RapidLab, Siemens) (pO2 ¼ 40  5 mm Hg, n ¼ 3). Cell viability
was not affected by this H/R protocol, as shown by the results ob-
tained when measuring lactate dehydrogenase (LDH) activity on
the cell culture supernatants, and using the MTT assay20,21: LDH
activity was less than 6 U/L, and the MTT test did not reveal any
changes to the relative activity of mitochondrial dehydrogenases,
when compared with normoxic cells.
Whole cell protein extraction
Synoviocyte protein extracts were performed using a cell lysis
reagent (CelLytic-M), as described previously15. The lysates
were then stored at 20C until use for immunoblotting or
immunoprecipitation.
Electrophoresis, immunoblotting and immunoprecipitation
The protein extracts were either subjected directly to electro-
phoresis or were immunoprecipitated.
Immunoprecipitation was performed using protein extracts
(250 mg) that were supplementedwith 2 ml of the agarose conjugate
antibody. Cap tubes were then incubated at 4C on a rocker plat-
form overnight. Immunocomplex-bound beads were collected by
centrifugation at 2,500 rpm for 30 s at 4C, washed three timeswith
PBS and re-suspended in 40 ml of 2X sample buffer. The immuno-
precipitates (or direct protein extracts) were boiled for 5 min and
then separated by 4e20% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Proteins were then electroblotted
onto a nitrocellulose membrane overnight at 30 V, and probedwith
a primary antibody (diluted 1:500) or with the anti-b-actin
(1:50,000) for a loading control. If needed, the blots were incubated
with peroxidase-conjugated secondary antibodies (diluted
1:35,000) and used to expose Hyperﬁlm ECL, as described for the
ECL plus Western blotting detection system. ImageJ software
(Version 1.38x, NIH, USA) was used to quantify band absorbances.
C. Chenevier-Gobeaux et al. / Osteoarthritis and Cartilage 21 (2013) 874e881876Determination of nitrites and peroxynitrites
Nitrite concentrations were measured using a colorimetric
microassay based on the Griess reaction22. Brieﬂy, 100 mL of cell
lysate or supernatant were mixed with an equal volume of Griess
reagent. Absorbance at 550 nm was determined in an MR 5000
automated plate reader (Dynatech, Alexandria, VA, USA). Nitrite
concentrations were expressed in nmol/mg protein (lysates) or in
mmol/L (supernatants).
DHR is an indicator of peroxynitrite formation that is oxidized
by peroxynitrite to the highly ﬂuorescent product rhodamine23.
DHR (5 mM in PBS) was added to the wells of the 24-well plates
before they were subjected to H/R or normoxic conditions. The
formation of rhodamine was monitored by measuring ﬂuorescence
on a Fusion photometer (Packard, Mariakerke, Belgium), with
excitation/emission wavelengths of 500 nm/536 nm, respectively.
The cells were then washed and lysed (500 ml of 0.1 N NaOH added
to each well, under agitation for 1 h) for protein quantiﬁcation.
Peroxynitrite production was ﬁnally expressed in arbitrary units
per mg of proteins.
Quantiﬁcation of superoxide production
Superoxide production was measured by the superoxide dis-
mutase (SOD) inhibitable reduction of cytochrome c15. Cells in
24-well plates were treated for 24 h with a base medium supple-
mented with 1 ng/mL IL-1b, 0.5 ng/mL TNF-a or neither; they were
washed with PBS, and effectors (1 mM L-NG-Nitroarginine Methyl
Ester, L-NAME; 1 mM NG-methyl-L-arginine, NMA; or neither;
expressed as ﬁnal concentrations in PBS) and cytochrome c (60 mM
in PBS) were added to the wells. The cells were then subjected to
H/R or normoxic conditions for the last 6 h (see above). Control
wells were prepared as above with the addition of SOD (50 U/mL).
Superoxide production was measured at the end of incubation
under H/R or normoxia (6 h), as previously described15 and ﬁnally
expressed in nmol min-1.mg1.
Data presentation and statistical analysis
Each quantitative measurement was performed in duplicate
to obtain a technical mean of the two measurements for further
statistical analysis. Quantitative data are presented as
means  standard deviations (S.D.) from representative and inde-
pendent experiments; nitrite, peroxynitrite and superoxide mea-
surements were performed in cells obtained from all patients
(n ¼ 5); blotting optical densities were measured in three patients.
Statistical signiﬁcance was evaluated using the ManneWhitney
test, and P values lower than 0.05 were considered to be signiﬁcant.
Results
Increased

NO production under H/R conditions
iNOS protein was poorly expressed in OA synoviocytes under
basal normoxic conditions, but this expressionwas increased under
H/R conditions [Fig. 1(A)]. Furthermore, iNOS expression was
higher when the cells were treated with TNF-a under H/R, but not
with IL-1b.
Nitrite production increased signiﬁcantly under H/R in both cell
lysates [Fig. 1(B)] and culture supernatants [Fig. 1(C)]. Under H/R
conditions, the effects of IL-1b and TNF-a were potentiated.
Peroxynitrite (ONOO) production was signiﬁcantly decreased
under H/R conditions [Fig. 1(D)]. Of note, neither IL-1b nor TNF-a
induced ONOO- production under the normoxic conditions
[Fig. 1(D)]. As peroxynitrites are formed by the reaction of

NO withsuperoxide anion (O2
), we investigated the O2
 production of
synoviocytes under H/R conditions.
Inhibited O2
 production but increased expression of NOXs under
H/R conditions
O2
 production was signiﬁcantly decreased under H/R condi-
tions when compared with normoxic conditions [Fig. 2(A)].
However, under H/R, TNF-a-induced production remained high
when compared with unstimulated cells or IL-1b-stimulated cells.
By contrast, H/R conditions increased the expression of NOX2
and NOX4 [Fig. 2(B)], and the expression and phosphorylation of
p47-phox was increased after three cycles of H/R [Fig. 2(C)].
NOXs’ cysteines are nitrosylated under H/R conditions
As

NO and metabolites can nitrosylate cysteinyl residues, we
studied the S-nitrosylation of cysteines in OA synoviocytes.
Immunoprecipitation results showed that NOX2, NOX4 and
p47-phox cysteines were nitrosylated under basal conditions
(Fig. 3). H/R conditions increased the cysteine nitrosylation of the
three subunits; furthermore, p47-phox nitrosylation was higher
when the cells were treated with IL-1b or TNF-a.
NOS inhibitors prevent O2
 inhibition and p47-phox nitrosylation
under H/R
In order to conﬁrm the implication of

NO in NOX down-
regulation, we studied the effect of NOS inhibitors under H/R
conditions; when the cells were treated with 1 mM L-NAME or
1 mM NMA during H/R cycles, O2
 production was signiﬁcantly
increased by comparison with untreated cells; under H/R condi-
tions, NOS inhibitors restored O2
 production to the level seen
under normoxia [Fig. 4(A)], while cysteine nitrosylation was
decreased [Fig. 4(B)].
Discussion
Our ﬁndings demonstrated that OA synoviocyte iNOS was
induced under H/R conditions. This induction was closely linked to
a higher degree of NOX nitrosylation and inhibition of superoxide
production. During this study, we performed repeated cycles of H/R
using plastic pouches to create hypoxia. Our model created a “mild
hypoxia” with intermediate O2 concentrations (around 40 mmHg),
as observed in the literature in other pathological conditions24 but
also in arthritis17,25. These conditions are thought to be more
suitable than total hypoxia to observe cell responses that mimic
in vivo physiopathological conditions26. Furthermore, the repetition
of H/R cycles has been proposed to reproduce the closed conditions
that prevail in an inﬂamed joint exposed to movement5.
It has been demonstrated that

NO metabolites (nitrites, nitro-
sothiols) are increased by Il-1b and TNF-a in synoviocytes27; hyp-
oxia has been shown to increase cytokine-induced iNOS expression
in RA synoviocytes28 and in other cell types29,30. The differential
stimulation of iNOS by IL-1b and TNF-a under H/R conditions might
be due to a hypoxia-mediated suppression of protein synthesis
through a mechanism of translational regulation31; however, the
translational neutralization of IL-1b-stimulation was not complete,
as iNOS expression remained higher under H/R than under nor-
moxic conditions. OA synoviocytes produced low nitrite levels
spontaneously under basal normoxic conditions8,27. Under H/R
conditions, we observed an induction of

NO metabolism in OA
synoviocytes, as demonstrated by increased iNOS expression and
nitrite production. However, paradoxically, peroxynitrite (i.e.,
BA
DC
Fig. 1. Effects of H/R on

NO metabolism. Cells were treated for 24 h with 1 ng/mL IL-1b (IL-1b), 0.5 ng/mL TNF-a (TNFa) or neither (0). Normoxia, cells under normoxic conditions;
H/R, cells subjected to three cycles of H/R for the last 6 h. A, expression of iNOS protein. Results are expressed as a percentage of the optical density (OD) of control cells (0,
Normoxia), and are representative of experiments performed in three patients (mean  S.D.). B and C, nitrite production in synoviocyte lysates (B) and culture supernatants (C).
Results are representative of experiments performed in ﬁve patients. D, peroxynitrite production in synoviocytes. After cytokine treatments, the cells were washed with PBS, and
DHR (50 mM in PBS) was added to the wells before they were subjected to three cycles of H/R. Results are representative of experiments performed in ﬁve patients.
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
NO and O2
) was
produced at lower levels under H/R conditions in OA.
We then studied the effects of H/R on synovial O2
 production
and NOX subunit expression. We observed a decrease in basal and
cytokine-induced O2
 productions under H/R conditions; the hy-
pothesis that H/R conditions activate O2
 production and reaction
with nitric oxide ðNOÞ to form peroxynitrite could therefore be
discarded. Our results stand in contrast to those observed in other
cellular models: according to several studies, O2
 production isincreased in human umbilical vein endothelial cells after H/R24, but
also in a rabbit cell line and primary equine synoviocytes after
repeated cycles of anoxia/reoxygenation5. However, this increased
O2
 production was not attributable to NOX2, whose activity was
inhibited during H/R24. Moreover, Schneider et al. hypothesized
that O2
 production, obtained after three cycles of anoxia/reox-
ygenation observed in equine synoviocytes could be attributed to
the mitochondria, because the EPR signals were similar to those
obtained with isolated mitochondria5.
A B
C
Fig. 2. Effects of H/R on O2
 production (A) and on NOX subunits expression (B, C). Synoviocytes were treated for 24 h with 1 ng/mL IL-1b (IL-1b), 0.5 ng/mL TNF-a (TNFa) or
neither (0). Normoxia, cells under normoxic conditions; H/R, cells subjected to three cycles of H/R for the last 6 h. A, O2
 production. Cytochrome c (60 mM in PBS) was added to the
wells before they were subjected to three cycles of H/R. Results are representative of experiments performed in ﬁve patients. B, NOX2 and NOX4 expression. C, p47-phox expression
and phosphorylation. Results are expressed as a percentage of the OD of control cells, and are representative of experiments performed in three patients (mean  S.D.). For p47-phox
phosphorylation, immunoprecipitation was performed using an anti-p47-phox agarose conjugate before SDS-PAGE and electroblotting; the nitrocellulose membrane was probed
with an anti-phosphoserine.
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 production that we observedwas associated
with a stronger expression of synovial NOX subunits (NOX2, NOX4
and p47-phox) and to sustained p47-phox phosphorylation, under
H/R conditions. The apparent difference between NOX subunit
expression/phosphorylation and superoxide production led us to
hypothesize that NOX2 was effectively inhibited, despite the
phosphorylated status of p47-phox. Indeed, it has been demon-
strated that

NO inhibits p47-phox expression and O2
 production
in macrophages, via activation of the ligand-activated transcription
factor PPARg (peroxisome proliferator-activated receptor g)32.
PPARg activation leads to a modulation of target gene expression
through binding to the PPAR response element (PPRE)32. It has been
demonstrated that activation of PPARg results in the down-
regulation of several inﬂammatory and catabolic responses medi-
ated by IL-1b and TNF in chondrocytes33. The treatment of humanendothelial cells with NO donors has been shown to suppress NOX-
dependent O2
 production by S-nitrosylation of p47-phox34. More
recently, endogenous

NO was shown to inhibit basal and stimu-
lated NOX5 activity in human blood vessels35.
We then focused on the hypothesis that excessive

NO could
inhibit NOX2 under H/R conditions. Immunoprecipitation experi-
ments performed to study the S-nitrosylation of NOX subunit cys-
teines under H/R conditions showed that H/R cycles increased the
S-nitrosylation of NOX2, NOX4 and p47-phox. Other studies have
shown an abundance of nitrosylated proteins in synovial ﬂuids and
serum from osteoarthritic patients12,13; Foster et al. also reported
that nitrite, acquired through NOS activity, might serve as an
alternative source for NO bioactivity under low pH conditions such
as those prevailing in ischaemic tissues13. Our results demonstrated
that the S-nitrosylation process in OA synoviocytes was potentiated
A B
C
Fig. 3. Effects of H/R on NOX subunits nitrosylation. Expression of nitrosocysteine in NOX2 (A), NOX4 (B) and p47-phox (C) in synoviocytes. Cells were treated for 24 h with 1 ng/mL
IL-1b (IL-1b), 0.5 ng/mL TNF-a (TNFa) or neither (0). Normoxia, cells under normoxic conditions; H/R, cells subjected to three cycles of H/R during the last 6 h. Immunoprecipitations
experiments were performed using anti-p47-phox, anti-NOX2 and anti-NOX4 agarose conjugates, before SDS-PAGE and electroblotting; the nitrocellulose membranes were probed
with an anti-S-nitrosocysteine. Results are expressed as a percentage of the OD of control cells (0, Normoxia), and are representative of experiments performed in three patients
(mean  S.D.).
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the four cysteinyl residues of p47-phox (namely Cys378) is posi-
tioned close to one of the major phosphorylation sites of p47-phox
(namely Ser379): possible cross-talk between these two sites might
be suggested. Thus, even if p47-phox phosphorylation was
increased by H/R conditions, the S-nitrosylation of p47-phox could
prevent NOX2 activation and subsequent O2
 production under
these experimental conditions. The use of NOS inhibitors under H/R
conditions in OA synoviocytes thus conﬁrmed the involvement of

NO in the nitrosylation of p47-phox, and the inhibition of O2

production.
Our study was subject to certain limitations. First, we did not
use non-arthritic “normal” cells as controls. Indeed, we deliber-
ately performed our experiments using OA synoviocytes in their
unstimulated, normoxic state as control cells. Second, despite
cytokine treatment and hypoxia conditions, results obtained in
our in vitro model needs to be conﬁrmed in further ex vivo
studies.In conclusion, we were able to demonstrate that H/R regulates
iNOS and NOX activity induced by IL1-b and TNF-a in OA syno-
viocytes, leading to an imbalance in radical production (

NO vs
O2
). Our ﬁndings also suggest that synovial cell metabolism un-
der H/R conditions is different under normoxic conditions. These
data support the view that

NO may be a critical mediator in OA
under low O2 pressure. They also suggest reconsidering previous
results obtained under normoxic conditions. A revision of cell
culture conditions in order to obtain models that more closely
simulate the pathophysiological O2 environment in an OA jointmay
enable a clearer understanding of this disease.
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